1. Gaze, the direction of the visual axis in space, is the sum of the eye position relative to the head (E) plus head position relative to space (H). In the old explanation, which we call the oculocentric motor strategy, of how a rapid orienting gaze shift is controlled, it is assumed that I) a saccadic eye movement is programmed with an amplitude equal to the target's offset angle, 2) this eye movement is programmed without reference to whether a head movement is planned, 3) if the head turns simultaneously the saccade is reduced in size by an amount equal to the head's contribution, and 4) the saccade is attenuated by the vestibuloocular reflex (VOR) slow phase.
2. Humans have an oculomotor range (OMR) of about t55 O. The use of the oculocentric motor strategy to acquire targets lying beyond the OMR requires programming saccades that cannot be made physically.
3. We have studied in normal human subjects rapid horizontal gaze shifts to visible and remembered targets situated within and beyond the OMR at offsets ranging from 30 to 160°. Heads were attached to an apparatus that permitted short unexpected perturbations of the head trajectory. The acceleration and deceleration phases of the head perturbation could be timed to occur at different points in the eye movement.
4. Single-step rapid gaze shifts of all sizes up to at least 1 60° (the limit studied) could be accomplished with the classic single-eye saccade and an accompanying saccadelike head movement. 5 . In gaze shifts less than ~45', when head motion was prevented totally by the brake, the eye attained the target. For larger target eccentricities the gaze shift was interrupted by the brake and the average eye saccade amplitude was -45', well short of the OMR. Thus saccadic eye movement amplitude was neurally, not mechanically, limited.
6. When the head's motion was not perturbed by the brake, the eye saccade amplitude was a function of head velocity: for a given target offset, the faster the head the smaller the saccade. For gaze shifts to targets beyond the OMR and when head velocity was low, the eye frequently attained the 45" position limit and remained there, immobile, until gaze attained the target.
7. The accuracy of gaze shifts was excellent and independent of whether 1) the target offset angle was less or greater than 45 O, 2) the movement was made to a visible target or in the dark to a remembered target, or 3) the head's motion was perturbed in the dark or light by the brake.
8. The results of head perturbations during saccadic eye movement were idiosyncratic. 1) In two of the four tested subjects and for gaze shifts ranging from 30 to 160", head perturbations caused no concomitant changes in the eye movement trajectory that opposed the changes in the head's motion. Thus there was no interaction between the VOR and the saccade signal. In these two subjects there also were no oppositely directed changes in the velocity of vestibularly induced quick phases, evoked by passive head rotations, in response to brake-induced head perturbations.
2) In another subject there was interaction between the VOR and the eye saccade: a brake-induced change in the head velocity caused a concomitant and oppositely directed change in the eye velocity.
3) The responses of the fourth subject were variable. 9. In those subjects that showed no VORsaccade interaction for gaze shifts > 30", there was evidence that the strength of the influence of the head velocity signal on the saccade increased as gaze error (i.e., the angle between current gaze and desired gaze positions) became ~20".
IO. When the head was released, after being momentarily braked, gaze quickly and accurately attained the target by using the motion of the head combined with that of a second rapid eye movement that we hypothesize to be a vestibularly induced quick phase.
11. The results suggest that the gaze control system can utilize all of its available components to facilitate the motion of the visual axis toward the goal. Thus visually triggered ocular saccades, VOR slow and quick phases, may be utilized synergistically to attain a desired target. To precisely control the position of the visual axis (gaze), it is suggested that eye and head positions are monitored by corollary discharges that calculate an internal representation of current gaze position. This is compared with desired gaze position to yield an internal signal specifying gaze position error. We present a schema whereby a gaze error signal, at least in part arising in the superior colliculus, serves as the driver to the oculomotor circuitry. INTRODUCTION A decade ago Bizzi and collaborators (5-7, 12, 27) described how monkeys move their eyes and heads simultaneously to acquire a visual target whose location and time of onset are unpredictable. A fundamental feature of the proposed motor strategy is that the trajectory of the saccadic gaze shift (gaze equals eye-relative-to-head plus head-relative-to-space) is the same irrespective of whether the head moves or is immobile. This observation, subsequently also attributed to human subjects (2, 9, 16, 17, 2 1,46,48), has been explained by assuming that the same saccadic eye movement is programmed to acquire the target irrespective of whether the head moves or not and that the eye saccade occurring during the head movement is attenuated, using the vestibuloocular reflex (VOR), by an amount equal to the head displacement. Therefore, the head movement both adds and linearly subtracts its contribution to the motion of the visual axis, and the gaze trajectory is the same in both the headfree and head-fixed conditions. The elegance of this hypothetical mechanism is that a saccadic eye movement can be programmed independently of the head movement and that a high degree of accuracy is achieved because the VOR, operating at unity gain, enables the gaze to reach and stay on target irrespective of the time course of the head trajectory. The mechanism whereby the VOR and saccade signals interact has been called the addition hypothesis (35) or more recently the "linear summation" hypothesis (23). We will use the latter terminology. For convenience we define the "oculocentric strategy" as the mechanisms proposed by Bizzi and colleagues, whereby a saccade of amplitude equal to target offset angle is programmed and attenuated using linear summation.
Current evidence shows that saccadic eye and head movements may be initiated at quite different times relative to one another (2, 6, 16, 19, 46, 47) . Relative onset times are influenced principally by the eccentricity of the target, the predictability of its onset, and other factors such as the subject's "mental set." As we shall see in RESULTS, a fascinating aspect of the gaze control system is that despite this apparent independence between the motor commands sent to the eyes and head, their sum is controlled so as to preserve gaze accuracy. The oculocentric strategy described above solves this problem elegantly.
However, there are three outstanding enigmas in the oculocentric strategy (19) . The first relates to how targets can be acquired when their eccentricity lies beyond the subject's oculomotor range (OMR); the second pertains to how VOR and eye saccade signals interact; the third concerns the role of vestibularly induced quick phases in gaze control. These terms are introduced below.
The mechanism whereby a saccade is programmed with an amplitude equal to the target's offset angle (in the text "target offset"
and "target eccentricity" will be used interchangeably) is inherent to both the oculocentric strategy and to the gaze feedback model recently proposed by Laurutis and Robinson (23). However, humans have an OMR of -55 O (see RESULTS). Thus gaze shifts > 55 O require in both schemes the programming of saccades larger than those physically possible with the head fixed. One simple alternative to this dilemma is for humans not to make single-step gaze shifts > 55 O. For example a 130° gaze shift could be performed in a steplike sequence of three gaze shifts: 55, 55, and 20", respectively. However, single-step gaze shifts > 55O have been reported in human subjects with unrestrained heads (for example, see Refs. 2, 17, 23, 36, 46) . Furthermore, as we shall see below, the accuracy of such large gaze shifts is excellent.
For gaze shifts to targets beyond the OMR the question arises as to the mechanisms that control eye saccade amplitude and how the eye and head movements are coordinated. Is the eye simply led to abut against the mechanical limits imposed by the OMR or are the limits to eye motion imposed neurally? In either case, how does the gaze trajectory reflect the limitations to eye rotation? In the cat we have found (18, 19, 37 ) that a saccade smaller than the OMR is programmed; i.e., that eye position is neurally not mechanically limited. In spite of this limit the cat can make single-step gaze shifts to targets beyond the OMR. This led to our proposal that the visual axis is controlled by a gaze feedback system whereby the neural machinery is driven by a gaze position error signal.
The first problem to be considered in this paper is the control, in human subjects, of eye saccade and gaze movement amplitudes and trajectories during gaze shifts to targets within and beyond the OMR. For targets beyond the OMR the results show that saccade amplitude is neurally limited and necessarily smaller than target offset angle.
The second enigma in the oculocentric view is the mechanism by which the saccade signal is attenuated by head motion. Two possibilities have been suggested. In the first (35,44) the pulse generator signal driving the saccade is summed with a head velocity signal provided by the vestibular nuclei (VN). In the second (15, 23, 30, 3 1, 35, 37) the pulse generator is driven by a gaze error signal (desired gaze minus actual gaze), and head velocity is not summed with the pulse generator output. This motor organization has been called the gaze feedback hypothesis. Note that in both the "addition" and gaze feedback hypotheses, for a given target eccentricity, the saccade amplitude will be smaller head free than it is head fixed. One way of experimentally investigating this motor organization is to suddenly and unexpectedly brake the head during the saccade (12, 15, 19, 23, 41) . In this condition, visual feedback is too slow to modulate the saccade, and neck proprioceptive influences are negligible (5, 7, 25, 39) . Thus in the gaze feedback hypothesis a sudden immobilization of the head should not cause a fast-acting acceleration of the eye. Conversely, in the addition hypothesis this experimental manipulation suddenly removes the inhibitory influence of the VOR on the pulse generator, and the saccade should accelerate within lo-20 ms.
The recent experiments of Laurutis and Robinson (23) using head perturbations on two human subjects have indeed suggested that a head velocity signal does not interact with saccades accompanying head-free gaze shifts. Analogous observations have been made by Tomlinson and Bahra (40, 41) in monkey. In cat, recent studies have shown that the addition hypothesis is valid for the initial saccade accompanying rapid, singlestep, visually triggered gaze shifts ( 15, 19) independent of gaze amplitude. However, linear summation may be absent on saccades occurring in the middle portion of the head's trajectory during large gaze shifts (15) .
The second problem to be considered in this paper is that of VOR-saccade interaction. Using the accurate magnetic-field search-coil technique for measuring eye movements (see METHODS) and perturbations applied to the head trajectory we show that most often, for gaze shifts > 30", the VOR does not seem to interact with the saccade, but that occasionally it may in some subjects.
When the head is passively displaced there ensues a short latency, vestibularly induced rapid eye movement or quick phase in the direction of head rotation (2, 26) . In the cat, it has been recently suggested that quick phases play a role in large gaze shifts ( 19) , and for human subjects Barnes (2) has suggested that in active gaze shifts the saccade generator is triggered by both vestibular and central commands. The final problem to be considered in the present investigation by using the head braking technique is whether such quick phases are present during active eye-head movements in humans and if so how they interact with both the VOR and visually triggered saccades to contribute to the gaze trajectory for targets within and beyond the OMR. A preliminary version of this work has appeared elsewhere in abstract form (43).
METHODS

Subjects
Six healthy adults (subjects RD, DG, DIM, GM, RN, and DT), 5 males and 1 female, mean age 28 yr (SD = 8), participated in different experimental sessions. Subjects GM, RN, and DT were naive with respect to this field of study. Four subjects had normal uncorrected vision. Two subjects (RD, DM) normally wore glasses for myoptic vision but did not need them for the present simple experiments, which required only that they orient to a small light in an otherwise dark environment. Indeed, all subjects gave qualitatively similar responses.
Apparatus
A subject sat in a chair and was held tightly but comfortably by a belt. The subject's chair was positioned at the center of a semicircular perimeter arc (adjustable to the subject's eye level), 115 cm from the center of rotation of the subject's head. At this distance the angle between the central fixation point and the target is slightly different depending on whether it is measured at the center of rotation of the head or eyes (4, 10) . The differences were 4 and 9% for 70 and 30° targets. The subject and perimeter arc were surrounded by black-out curtains that provided a very dim, but not totally dark, environment.
The visual display consisted of a horizontal row of 17 red light-emitting diodes (LEDs) with little dispersion and high contrast edge. Each target source subtended -6 min of visual arc at the subject's eye. LEDs were spaced symmetrically on the perimeter arc from the center position at angles of 10-80' in the periphery.
All movements were studied with the subject gripping a well-fitted custom-molded bite bar made from dental impression compound. In the experiments, head movements were mechanically perturbed, and therefore extreme care was taken to assure that the bite bar fit snuggly about the molar teeth, up to and often past the gum line. The incisor and canine teeth were not in contact with the bite bar. The bite bar was attached to a vertical shaft by means of a universal joint that allowed about t30" of head movement in the pitch and roll planes so as to permit large head rotations that were as natural as possible about the yaw axis. The angular position of the subject's head was monitored with both a low-torque (one turn) precision potentiometer (linearity of 0.1%) and the magnetic-field search-coil technique (24) using a coil of wire taped to the subject's forehead. Head coil calibration was performed by having the subject align a rod, which was held to the shaft, with targets of different offsets, using only one eye to do so (see eye coil calibration, below). With the coil technique the head's angular position could be accurately estimated to within ~0.25~ of precision at 20' from center and about *2" at 70" from center. The moment of inertia of the head restraint system was -0.4 kg l cm2 compared with head inertia estimated to be -35 kg l cm2 (45). The bite-bar-shaft ensemble could be blocked by an electromagnetic brake (Electroid, static torque: 275 cm l kg). This is described in the next section. Very sensitive strain gauges were connected to the shaft, and the torque measurement allowed accurate determination of the initiation of any real or attempted horizontal head movement either in the head-free or headbraked conditions.
Experimental paradigm
Two types of experiments were run. In the "unpredictable target" (UT) condition, stimulus programs consisted of unpredictable sequences of peripheral target presentations. A presentation consisted of illumination of the center diode (fixation point), which was extinguished when a peripheral one was unexpectedly turned on for 3 s. (Gaze shifts of 80" were started with the fixation point 20" off center, to allow more accurate use of the eye coil calibration; see below.) A trial only began if the subject's eyes and head were aligned on the fixation point. Onset of trials was manually triggered and at least 6 s elapsed between each peripheral target presentation to give the subject time to bring his gaze back to the fixation point LED when it was switched back on. In the pseudorandom sequence of target presentations in a given session each target was presented 10 times. This UT task was used to study gaze shifts to targets whose positions were within the visual field, i.e., 5 k80" from central gaze position.
In the "predictable-amplitude" (PA) condition the subject could predict the target's offset angle but not when the target would come on. Gaze shifts in this task were triggered when the fixation point went off. In the 80, 120, 140, and 160" gaze shifts the fixation point, on which both head and eyes were aligned, was not at center but located to one side at an angle one-half the total required gaze shift. Thus for 120° gaze shifts the fixation point was set at 60" to the left or right and the subject oriented to a target at a location he knew, due to practice trials, was 60" from center on the other side. Many consecutive trials, with the same required gaze shift, were usually run. This task was used primarily for studying gaze shifts to targets that had very large offsets, outside the visual field (e.g., at 120"), but for comparison was also used for targets within the field.
In the UT condition the subject was instructed to "look at the fixation point and when it goes off look at the new light which will appear." When the target lay beyond the visual field, in the PA condition, the subject was told, "when the fixation point goes off look at the peripheral light whose location you remember from the previous practice trials." No reference was made to the need to move the head. However, to assess the effects of head velocity on the saccade trajectory, in some sessions, identified as such in RESULTS, the subject was instructed to move his head normally, slowly, or as fast as possible. For both the UT and PA conditions, in most sessions the head was unexpectedly braked randomly in one-third of the trials. In some sessions the brake was applied during head motion. These perturbations could be applied at any desired point in the head trajectory and were usually short, lasting 50-100 ms. In other sessions the brake was triggered before the head movement even started. When head motion was totally prevented it was important that the brake not precede the head motor program by too great a time, say 50 ms. Otherwise the subject, knowing his head was to be immobilized, might alter or abort the motor signals. Therefore, variations in response latency had to be minimized. To do this the subject was maintained at his maximum level of arousal before each orienting movement, by presenting a brief tone (50 ms duration), directly in front, 250 ms before each offset target presentation. The brake immobilized the bite bar 150-200 ms after the fixation point went off and the peripheral LED came on. Brake duration could be adjusted. Usually, for the brake to totally prevent head motion, the duration was set at 500 ms to 1 s.
Eye movement recordings
Eye movements were recorded with electrooculography (EOG) and the magnetic-field searchcoil technique (24; see also Ref. 19 for details on our system). In RESULTS we state how specific data were obtained.
Bitemporal
EOG was recorded in all subjects save RD, with surface electrodes attached to the outer canthus, and the signal was amplified and low-pass filtered electronically (-24 dB, 100 Hz). Frequent EOG calibrations were performed by stabilizing the subject's head and asking him to fixate illuminated LEDs on the visual display. To avoid EOG drifts subjects were left in low-level illumination for at least 20 min before the beginning of the experiment. Interestingly the recorded signal was approximately linear in the range & 50", which corresponds approximately to the limits of human ocular motility (see RESULTS).
The accuracy was about t 1 O.
In subjects DG, RD, and RN some key experimental findings were verified by measuring eye movements simultaneously using the EOG and eye coil techniques. As stated above head movements were measured with the coil technique. Because only two quantities are needed to know any value in the equation "gaze-relative-to-space (G) equals head-relative-to-space (H) plus eye-re-head (E)", the redundancy provided by measuring all three quantities using EOG and the coil permitted cross comparisons and reduced the uncertainty attributed to measurement error.
A cube-shaped field coil structure, 64 cm on edge, provided the magnetic field and was positioned so that its center coincided with the position of the eye being measured. Search coil signals were filtered electronically (-24 dB, 200 Hz). Immediately before the experiment was to begin the eye coil (11) was placed rapidly on the eye in lowlevel illumination, after the subject had adapted to the dark for EOG stabilization.
To minimize corneal irritation the eye coil was never left on for > 14-16 min, which severely limited the amount of data that could be gathered from a subject in any one session. Therefore the eye coil experiments served primarily to confirm the larger amount of data gathered with the EOG technique. The horizontal head and gaze signals were calibrated by having the subject, with teeth in the bite bar, fixate a rod attached to the vertical shaft while turning his head through t80". In this routine the VOR was cancelled, the eye did not turn relative to the head, and the calibration accounted for both nonlinearities in the coil's "sine" response and small variations in field strength as the eye, carried by the head, moved away from the field's center. The potentiometer provided an accurate reference signal with which the eye and head coil signals were compared.
The subject with head fixed was also required to look at illuminated LEDs at known angular displacements. The subject could not, of course, look at targets beyond his OMR but for eye movements within this range the validity of the coil's head-free calibration procedure could be tested by comparing the head-free and head-fixed signals. AND M. VOLLE
Data analysis
Amplified signals were monitored on a memory oscilloscope, a Siemens Mingograf ink-jet recorder and stored on FM magnetic tape for future processing or sampled on-line (sampling interval: 1 or 3 ms, depending on number of channels being sampled) on the laboratory minicomputer system. A software package (McKellar Designs) was used to compute various parameters (e.g., maximum velocity, duration, amplitude, latency) of each eye, head, or gaze movement after cursors were manually adjusted on the display. The beginning of the head movement was, in some subjects, precisely determined by the strain-gauge signal, which was shown to be accurately correlated with the head acceleration trace. A linearized calibration of the eye and head coils was obtained with the computer by forming a look-up 
RESULTS
The OMR
The OMR was defined as the maximum limit of tonic eye displacement with head fixed. Subjects were encouraged to displace their visual axis as eccentrically as possible to clearly read a small (0.5 O of visual angle) alphanumeric symbol placed beyond their OMR at ~60~ peripherally. The mean of maximum eye displacement using this method was estimated to be 53 t 2" for our six subjects. Some subjects occasionally generated saccades a few degrees larger than their OMR when they attempted to orient to the very eccentric target.
The visual field of our subjects extended approximately k80" from the central fixation point. Thus on the basis of the OMR size for the average subject, we can define three ranges of target offset angle (T). For about 0 < T < 53 O the target was visible and attainable by an eye movement alone. For about 53O < T < 80° the target was visible but not attainable with only an eye movement, whereas for about T > 80° the target was both invisible and beyond the OMR. The largest gaze shift studied was 160".
General feature of horizontal coordinated eye-head displacements to near and far targets
The question arises as to whether the different experimental conditions influenced the motor strategy, particularly whether the strategy was affected by the subject's apprehension that the head's motion might suddenly be interrupted. Figure 1 shows, for subject RN, head velocity versus head amplitude for both the UT (filled symbols) and PA (open symbols) conditions studied when the subject knew either that his head would never be braked (squares) or that his head was going to be perturbed by the brake in one-third of the trials (circles). (Note that only the unperturbed movements are represented.) The small scatter of the points about the common regression line suggests that none of the four different experimental conditions modified the head movement's "main sequence." Figure 2 , A-D shows examples of rightgoing 40,60,80, and 120° gaze shifts, respectively, in subject RN. The former three examples happened by chance to occur consecutively in the UT task, whereas the 120" gaze shift (Fig. 20) was made in the PA task. This subject's OMR was -60'. Figure 2 , A-C shows that the shape and amplitudes of the eye movement trajectories, as measured by the coil and EOG techniques in this subject, were very similar. The same was true for the other subject in which EOG and search coil measurements were compared. This reliability of EOG measurements in our head-free experiments is important because some of the data to be shown were obtained only with this technique.
Typically, for all target amplitudes utilized in the PA and UT conditions, a gaze shift was initiated by a saccadic eye movement that preceded the head movement. For all subjects the eye preceded the head by the average latencies of 42 and 17 ms in the UT and PA tasks, respectively (see Table 2 ). An example where the eye lagged the head is shown in Fig. 2C (gaze trace remains flat). In this example E, + H, = G,. This compensatory phase has been ascribed to the VOR operating at unity gain (5) . For the 60, 80, and 120° gaze shifts the pattern is somewhat different. During the so-called ompensatory phase the visual axis continues in an uninterrupted motion on its course toward the target, albeit often more slowly (see gaze trace to right of vertical dotted lines in Fig. 2 , B-D). Thus E, + H, # G,. A similar phenomenon has been observed previously in humans (46), monkeys (40), and cats (19) .
Many eye trajectories did not resemble the profiles in Fig. 2 , A-D. For example in large gaze shifts (G, > 60") the eye occasionally remained almost immobile in the orbit, at or near E,, for hundreds of milliseconds while the visual axis was being displaced by the head. This will be considered in relation to Fig. 7B .
Eflects of preventing head motion
In the experiments to be described in this section we unexpectedly braked the head just before it accelerated, thereby preventing head motion during the saccade and revealing an oculomotor signal uninfluenced by feedback from head motion. Figure 3A shows four saccadic eye movements, measured with EOG, and obtained when subject DIM looked at a target at 40° when his head was unexpectedly fixed relative to space. The amplitude of the initial main saccade was from left to right, 39,38, 36, and 33", respectively. These traces were selected because of their different latencies and therefore nonoverlapping traces, but the whole data set showed no dependence of amplitude on latency as these examples might suggest. These and other average data from each subject showed that, for a 40° target offset, the target zone was attained in spite of the unexpected lack of head motion. By comparison, in Fig.  3B the target was at 80° and the eye saccade was 34O in amplitude and did not attain the limits of the OMR (x55").
Indeed there were some striking examples of the eye saccade falling far short of the OMR limits. One is shown in Fig. 3C where the gaze shift was 1 20° and the saccade was only 8O in amplitude.
The individual examples of Fig. 3 , B and C are not consistent with the main premise of the oculocentric hypothesis, whereby the nervous system codes a saccade of amplitude equal to the target's offset angle. It will be seen below that this conclusion also holds for large data sets. Figure 4 shows for one subject (DT) that the relation between maximum velocity and amplitude, the "main sequence," was identical for saccades made when head motion was unexpectedly prevented and those made with the head fixed. This result suggests that sensory feedback, associated with suddenly preventing head motion, did not influence the saccadic eye movement signal.
A second feature of interest in gaze shifts to continuously lit targets beyond the OMR is that there were few corrective saccades when the head was kept immobile by the brake, even for 300 ms or more after the termination of the first eye saccade that fell far short of the OMR (e.g., subjects the average amplitude of the main saccade was 46.9 t 1.9O (well short of the OMR), and there were only corrective saccades in six trials. Their average amplitude was 4.8O (SD = 1.6) and they followed the termination of the first saccade by 236 ms (SD = 105).
A third point of considerable interest is that when the brake was suddenly and unexpectedly released, the head and gaze quickly and accurately attained the target zone. When the head was freed the eyes began moving for a short time ( 100 ms or less) in the compensatory direction with a VOR gain equal to (Fig. 3 , B and C) or less (e.g., Fig. 6 , B and C) than unity. Sometimes (e.g., Fig. 3 , B and C) the eye reversed direction, now traveling in the direction of head movement with a maximum velocity that was quite variable. (We assume that this latter eye movement was a vestibularly triggered quick phase because of the rarity of corrective saccades when the head was kept immobile and the fact that it was triggered by head motion.) An identical experimental result has been found in cat (19) . The very rapid gaze shift that followed brake release in Fig. 3C was caused by the putative vestibularly triggered quick phase adding to the head movement. Figure 5 compares the amplitude of saccades in the head-free and head-braked conditions for different target eccentricities. The data in Fig. 5B were obtained with EOG in subject DM, and the points are averages of four times the number of trials obtained in subject RN (Fig. 5A ) with the search-coil technique. For these and all other subjects, the mean amplitude of the saccades when head motion before and during the saccade was prevented by the brake was always larger than in the head-free condition. Except for small target offsets (~20") where the head contributed little or nothing to the gaze shift, the mean amplitude of the braked saccades was about equal to the target offset angle for values of the latter up to 40° in subject DIM (Fig. 5B ) and 50' in subject RN (Fig. 5A ). This is a necessary condition for the oculocentric hypothesis to be valid, but not a sufficient one (see DISCUSSION) .
For target offset angles > 50' the saccade amplitude, when the head was braked, tended to remain constant at a value in subject RN, well below the limits of the OMR (OMR = 60" in subject RN) indicated by the horizontal thin dotted the visual axis close to the target. Note both line labeled OMR. In subject DIM the OMR that G, = T and also that the standard dewas smaller (-52"), and when the head was viation is small; it being not larger for say 80° braked the saccades tended to terminate gaze shifts than for those within the OMR to closer to this limit.
targets at 40".
Accuracy of gaze A very important feature of head-free gaze shifts is the remarkable accuracy of gaze independent of either target offset angle or whether or not head motion is perturbed. For example in Fig. 3 , B and C, in spite of the fact that the brake had unpredictably interrupted (for a relatively long time in Fig. 3C ) the normally programmed head motion, the sum of the postbrake head movement and the putative quick phase was sufficient to move gaze to an accurate final position: at the termination of head movement gaze amplitude was 65 and 112" in Fig. 3 , B and C, whereas desired gaze position was 70 and 1 20°, respectively.
In Fig. 5 the dot-dash lines indicate the amplitude and standard deviation of the first major gaze saccade (e.g., G, in Fig. 20 ) that in a single continuous movement brought These movements were made with the peripheral LED continuously lit. Thus it can be argued that gaze was accurate because it was visually guided. We tested the influence of visual feedback by asking subjects RN and DG equipped with coils to look at remembered targets that, in the UT task, were briefly flashed for 100 ms, the coordinated eye-head movement being made in the dark. Figure 6A shows for subject RN the data obtained in these nonvisually guided gaze shifts, and it can be compared with data ( B and C: examples of 2 gaze shifts, made in the dark to a remembered 80" target by subject RN, in which head motion was unexpectedly interrupted by the brake. In B the brake occurs early in the head's motion; head is immobilized, and ocular saccade attains large amplitude (E,) in the orbit (see key on upper left). When brake is released, eye slowly initiates a return movement toward center but gaze is not stabilized until the visual axis is near the target (an overshoot in this case) at G,. In C the brake occurs early in the head's motion; head is not immobilized but considerably slowed. When brake is released there is a very short (10 ms) ocular movement in the "compensatory" direction, which stops and then resumes again. Note that during all phases of eye motion the visual axis keeps moving toward the target near G,. Symbols and abbreviations as in Fig. 2 .
the head-braked condition also undershot the OMR limits. In the description of Fig. 3 , B and C, we saw that gaze was also very accurate in spite of the brake-induced interrupted head motion. Again, these examples were obtained when the target was continuously lit. To determine whether this influenced gaze accuracy we perturbed head movements in the two subjects when they oriented, in the dark, to remembered targets. Figure 6 , B and C shows examples. The time of unexpected head restraint is indicated below each example by the dark horizontal bar. During head restraint, gaze was predominantly moved by the eye saccade. Most interestingly, when the brake was released and head motion resumed, the visual axis kept moving toward the target even though the eye was rotating opposite to head motion in the "compensatory" direction. Indeed, in both examples gaze stabilized at G,, near T, only at the very end of this "compensatory" phase. This is very similar to what we noted above in relation to unperturbed movements in Fig.  2 , B-D. Table 1 summarizes our data on gaze accuracy by presenting gaze error, eG = T -G,, averaged over two target offset ranges: 30-50", within the OMR, and 60-SO", beyond the OMR. The experimental conditions are listed in the left-hand column. Comparing rows, it transpires for both subjects that there was no significant deterioration in performance for variations in the range of target offset. Furthermore, for each subject gaze accuracy was not significantly dependent on whether the movement was performed either with continuous visual feedback or in the dark, with or without braked head motion.
How varying head velocity afleets saccade amplitude
In Figs. 5 and 6A we have shown what appears to be a single relation for each subject between the target offset angle and the amplitude of head-free saccades. In this section we will show that the amplitude of these saccades was not invariant but depended on how strongly the head contributed to the gaze shift during the saccade. The reason E, was fairly stereotyped in Figs. 5 and 6A was that in a standard task like the UT task, the head movement at each target offset was also stereotyped. If gaze is controlled as the results in this paper and those of others (23,30) imply, then the sum of eye plus head is monitored and for a specifically required gaze angle, a change in the amplitude contribution of one component should be mirrored by an oppositely directed change in the amplitude contribution of the other. To further examine this point we studied constant amplitude gaze shifts made with a wide variety of head velocities. variations in the head trajectory during the saccade. This is contrary to the linear summation hypothesis, and we will consider this point in more detail in a subsequent section. Because the initial trajectory of the saccade is invariant and apparently independent of head motion, it follows that target acquisition (G, = T) will occur the soonest when head velocity is both the largest and earliest. Put another way, if the nervous system controls gaze, the signal to drive the saccade should be interrupted the earliest in those trials in which the head's contribution to the gaze shift is the largest. This is precisely what is shown in Fig. 7, A and B. As a corollary, gaze duration decreases as head velocity increases, which, notably, also is in contradiction with the oculocentric hypothesis. The strong link between E, and head velocity is shown more quantitatively in the plot of Fig.  7C . A representative value of head velocity during the saccade is arbitrarily taken at the point, on the head trajectory, corresponding to the time of occurrence of the saccade's maximum velocity. This "concurrent head velocity" (CHV) is plotted on the abscissa of Returning to Fig. 7A it is important to observe that saccades "peel off' from the common trajectory and terminate before G = G,. Indeed, on each gaze trace the small intersecting horizontal line identifies the time at which E = E,. Clearly at this point on each G trace, gaze velocity was still high and gaze amplitude had not yet reached the desired final value, although clustering of the points suggests that saccades began to be truncated when gaze error decreased to a specific value. Figure 7B also illustrates what happens to the eye when head velocity, from one trial to the next, is progressively slowed to very low values. Note that the scales in Fig. 7A are different than those in Fig. 7B . As described above, when head velocity is decreased, peak eye deviation increases until a maximum value is attained. Thereafter the eye remains essentially stationary in the orbit on this "plateau" until gaze is on target at which point the compensatory phase, because of the VOR, takes over to stabilize gaze on target. Note well that during this plateau phase the eye is not at the limits of the OMR; for example, in Injluence of VOR on saccade: gaze shifs with no interaction between head and saccadic eye velocities
In the next two sections we will consider the "addition" hypothesis by braking the head during saccades. From among the different subjects and experimental conditions we have selected examples to illustrate cases where there is and there is not interaction between eye and head velocities. The results are summarized in Table 2 . This is shown by the vertical solid line, which starts above the common point of maximum eye velocity (I&,) and whose projection meets the H traces at increasing amplitude in 1-3, respectively. Since l?,, is constant and head velocity (H) rises from 1-3, there is a corresponding increase in gaze velocity.
The smallest E, (saccade 3) is associated with the most rapidly rising H trace (see C). The small horizontal line segments cross the G traces at times corresponding to E = E,, thus gaze motion continues past E,. Results from subject RN. B: similar to A but rise times of head displacements Horizontal dark bars below fi trace show when brake was on. Note, as indicated by arrow on E trace in A, that eye does not accelerate when head decelerates (see also e trace). By comparison gaze decelerates concurrently with brake. tant concurrent deceleration of gaze (solid G trace) and as seen clearly in the solid E and E traces there was no accompanying acceleration of the eye. These observations are contrary to the linear summation hypothesis. (For comparison see Fig. 13 where linear summation holds.) Instead, the eye moved with smoothly and slowly decreasing velocity, past the position in the orbit (illustrated by an arrow on the E trace of Fig. 84 where normally, in the unperturbed condition, it would have begun to rapidly decelerate as a prelude to an eventual reversal in movement direction. We interpret the eye's slow deceleration (solid E and E traces) that follows the brake to be a result of the saccade's natural "bell-shaped" velocity profile rather than a result of the effect of the brake itself. Similar observations apply in relation to the 120" gaze shifts illustrated in Fig. 8, C and D. When the brake was released, the head rapidly attained a high velocity. In Fig. 8 , C and D, the E trace did not indicate a concomitant eye deceleration when the head quickly accelerated. By comparison in Fig. 8,  A and B there appears to be a correlation between the onsets of strong head acceleration and eye deceleration. However, the influence of the head acceleration on the ocular saccade is not easy to evaluate because at the time of brake release the saccades were near their terminal position in the orbit and naturally were in the process of decelerating. More insight into the mechanisms of interaction between head and eye, occurring at the end of a saccade, will be gleaned from Figs. 10, 12, and 18. The absence of changes in eye velocity that oppose the decrease in head velocity created by the brake contradicts the linear summation hypothesis. This conclusion can be further verified by studying, in unperturbed Table 2 for the linear regression line characteristics.
gaze shifts, the relation between maximum eye velocity (fi,,,) and the head velocity that occurs concurrently (CHV). Figure 9 , A-D shows points obtained in 29 gaze shifts made by the same subject as shown in Fig. 8 , when asked in the same experimental condition and session to move his head at different velocities. Figure 9A shows that fi,,, was independent of CHV in spite of the latter ranging from -20 to 44O"/s. It follows from this observation that maximum gaze velocity (G,,,> should increase linearly with CHV and this is shown in Fig. 9C . In Fig. 9B the equation of the regression line is I&,, = 1.13 E, + 393 with p = 29 and r = 0.30, thereby suggesting that E,,, was also not dependent on the saccadic eye (E,) movement amplitude. A similar conclusion holds for the relation between k max and G, in Fig. 9D . It transpires that for the large amplitude gaze shifts studied in these tests, I&ax had reached a peak value uninfluenced by any of the parameters describing the movement. The results of Figs. 8 and 9 were obtained with the search coil technique, which severely limited the available experimental time. To permit testing subjects at a more leisurely pace where specific eye-head movement patterns could be probed in greater detail, we ran extensive tests using the EOG technique. Figure 10 shows results obtained from subject DIM performing the PA task. Figure  10 , A-C, shows 120" (+60" from center) and D-F 60° (+30" from center) gaze shifts in which the subject had been instructed to move his head slowly. Low-velocity head movements were sought because, as seen in Fig. 7B , these were frequently accompanied by saccadic eye movements that had plateau regions. We wished to study the influence of the VOR on the eye during this plateau. To Head decelerates and accelerates at different times during the eye movement. The brake-induced stop and start of head motion was associated with similar changes in the gaze trajectory while the eye trajectory remained uninfluenced by the head perturbation. E: the brake occurred early and delayed the head motion until the eye amplitude reached a maximum value, whereupon the sudden head acceleration had minimal effect on the eye trajectory but a strong effect on gaze. F: the head brake occurred during the compensatory phase of ocular rotation where gaze was being stabilized in space. Contrary to the previous examples the eye's motion was opposite to, and compensated for, the brake-induced head motion. Symbols as in Fig. 2 .
obtain the examples of Fig. 10 , some 75 orienting movements were studied, some in which the head was braked unexpectedly at different times during its trajectory. Figure  1OA shows that suddenly stopping and releasing the head, during the period indicated by the horizontal line beneath the E trace, had no obvious effect on the eye movement. It is particularly important to note that when the head was released the eye remained in the plateau phase until gaze was near the target at which point a compensatory ocular rotation began, which permitted gaze to be stabilized. In the example of Fig. IOB the brake occurred later in the saccade; there was no effect on the eye movement. In this example, when the head was released, gaze was stabilized for a time by an eye rotation equal and opposite to the head's. The visual axis ultimately reached the target by virtue of a second rapid eye movement. In Fig. 1OC the plateau region is long lasting (-300 ms) and both the head's deceleration and acceleration occurred within it. Again there were no changes in eye velocity synchronous with the brake even though the eye was only at -35 O off-center in the orbit, far from the limits of the OMR (52"). Similar observations can be made for the 60° gaze shifts illustrated in Fig.  10 , D and E. In the latter (Fig. 1OE) the brake was applied early, timed to just prevent head motion during the saccade. Note the close resemblance between this saccade and the ones in the other parts of this figure where head motion occurred during the saccade. Note also in Fig. 1OE that when the head was released during the plateau phase the eye did not move in the opposite direction. These examples show that the VOR compensatory phase was disabled during both the fast and plateau phases of the eye trajectory.
Most of the examples in Figs. 8 and 10 show that when the visual axis was on or near the target, gaze was stabilized relative to space by an ocular rotation that compensated for the head movement. Figure 1OF shows that a brake, applied during this phase, immediately (within 10 ms) stopped the eye's motion. This suggests that during at least a portion of a coordinated eye-head movement, gaze was being stabilized in the classical fashion by the VOR. We will come back to this point later in relation to Fig. 12 . Linear summation absent. Effects of head vf :l ocity on eye and gaze velocities for movements in which head motion was uninterrupted.
Data are from subject DA4 in task whose movements were shown in Fig. 10 . A and B: I&,, is independent of concurrent and head velocity (CHV). C and D: maximum gaze velocity G,,, increases linearly with CHV. The data in B and D are for the whole data set of gaze shifts ranging in amplitude from 30 to 160". The data in A and C are for a subset of gaze shifts between 30 and 40". See Fig. 9 Figure 11 examines for subject DIM how fi was nearly saturated (Fig. 11 , E and F).
max depends on CHV when head motion Figure 1 IA shows, for gaze shifts in the range was not interrupted by the brake. These re-of 30° < G, < 40", that I?max was essentially sults are based on -175 gaze shifts made constant independent of CHV (see linear rewith slow, medium, and fast head velocities gression equations in Table 2 ). It follows that to targets at amplitudes ranging from 30 to Gmax should increase proportionally with 1 60°. For this range of gaze shift amplitudes CHV, and this is shown in Fig. 1lC . This range of gaze shifts corresponds to targets within the OMR, which are attainable by an eye movement alone. Prior experiments suggested that the linear summation hypothesis may be valid in this range (23). Figure 11 , A and C, shows that this was not the case for subject DIM. Figure 11 , B and D, shows the complete data set (30" < G, < 160") for which there is a suggestion that &,, increased slightly as CHV increased. This is not due to a dependence of &,, on CHV, but rather to the slight increase of em,, with G, (Fig. 1 IF) , since CHV also increased with G,.
Recall from Fig. 10 that the head-braked data showed a lack of influence of the head velocity signal (VOR) on the eye movement until gaze was near or on target. Figure 12 shows another example from the same series, with a brake applied in about the middle of the eye's plateau region. Here again, as in Fig. 1 OC, the eye was immobile at -35 O, and the lack of effect of either the head's acceleration or deceleration on the eye trajectory suggests that the head velocity signal was not adding to the eye signal. We assume that the lack of interaction was not as a result of the eye being in a neurally determined position saturation, since 1) head reacceleration would have driven the eye toward the center, away from saturation, and 2) a head perturbation had no effect on the eye movement before it reached the plateau (Fig. 10) .
In the conceptual model of gaze control, to be presented at the end of this paper, it is useful to have a parameter that expresses the level of influence of the head velocity signal on the eye movement.
For convenience, during a short period (say 50 ms) that follows a head brake, we define the sensitivity (S) of the eye to the VOR signal as S = -Ae/A& where Ak is the change in eye velocity attributable to the brake-induced change in head velocity (AH). For the data set of which Figs. 11 and 12 are part, during both the plateau and the rapid portions of the eye movement there is no change in head velocity attributable to the action of the brake (Afi = 0), and therefore S = 0. The approximate time span over which S = 0 is shown by the arrows in O0 AND M. VOLLE Fig. 12 : a brake applied anywhere in that region would have no effect on the eye trajectory. By contrast in the terminal phase of the head movement where gaze error was close to zero and the gaze trace was flat, AE = -A& i.e., S = 1. Between these two extreme values of S there was a transition zone, lasting -100 ms in this figure, during which the eye was moving in the compensatory direction but the visual axis was not stable in space. By definition in this region 0 < S < 1. The duration of this transition zone seems quite variable: for example in Fig. 8B , the time when gaze first stabilized in space was about synchronous with the cessation of the head movement. Between this time and the moment the head accelerated after brake release, the eye was moving in the compensatory direction but gaze was not stabilized. Unfortunately we were unable to investigate systematically, using the brake, the events during the period 0 < S < 1. This was due primarily to 1) the difficulty of synchronizing the brake with this period whose onset time was variable, and 2) our reluctance to brake the head when it was moving at high speed, for fear that excessive forces would be imposed on the teeth by the bite bar.
In summary, we have shown, in this section, results from two subjects whose gaze shifts, ranging in amplitude from 30 to 160", showed no fast-acting influence of head velocity on eye velocity (S = 0) during and beyond the saccadelike portion of the eye movement. However, there were exceptions to this rule. In the next section we present results from a subject who did show interaction between eye and head movements, suggesting immediately that the onset and duration of the transition zone can be quite variable.
Influence of VOR on saccade: gaze shifts with interaction between head and saccadic eye velocities Figure 13 , A and B, shows two examples of 70" gaze shifts in which the head motion was interrupted by the brake. The period in which the brake was on is indicated by the B trace. These movements were made by subject RD in the UT condition. In these examples, unlike those of Figs. 8-12 , the eye clearly accelerated synchronously with the brake-induced head deceleration. The vertical dashed line on the left of Fig. 13A marks the onset of the brake, whereas the dashed line on the right marks the end of a period of constant gaze velocity (see 6; trace) in which a rapid decrease in head velocity (I!I trace) was matched by an equal and opposite increase in eye velocity (E trace). The acceleration of the eye can also be seen on the E trace (arrow). Similar observations can be made in Fig. 13B where the acceleration of the eye in response to the head brake can be very clearly seen on the E trace. Surprisingly in Fig. 13B the G trace indicates a slight increase in gaze velocity subsequent to the head's deceleration. Because gaze was measured directly by the accurate search coil technique and this phenomenon was not seen in other braked movements of the same series, we presume that this observation is veridical.
Evidence supporting linear addition between the head velocity and saccade signals is provided by the fact that for all movements tested in this subject S = 1. Further supportive evidence comes from the plot of E,,, versus CHV obtained in the unperturbed movements and shown in Fig. 13 , C and E (see also Table 2 ). In the former figure, Ema, decreases when CHV increases. The linear regression line has nearly unity slope, which represents ideal interaction between eye and head: the points cluster nicely about this line. It follows that Gm,, should be invariant with CHV and this is exactly what Fig. 13E shows; the linear regression line has near zero slope. Recall that in Figs. 9 and 11 opposite effects were seen: Em,, was constant and &,, increased linearly with CHV. As in Figs. 9 and 11 there was no dependence of EmaX on E (Fig. 130) . However, because I&,, decreased with CHV and CHV increased with gaze amplitude (G,), it follows that I&,, decreased with G, as shown in Fig. 13F .
VORs influence on secondary saccades
Most gaze shifts, made in our experimental paradigms, were composed of one large main saccadic gaze shift followed by a small corrective saccade. Only rarely did we observe a gaze shift composed of multiple gaze saccades each having similar amplitudes. Table 2 for linear regression line characteristics.
Symbols as in Figs. 2 and 9.
were able to brake the head during the sec-ing what should have been observed had the ond saccade. The head was braked prior to head's increasing velocity not resulted in a the saccade, during the preceding compensadecreased eye velocity. These observations tory ocular movement that was rotating the suggest that linear addition did occur for the eye toward center. As an aside, note that second saccade in this particular example but suddenly immobilizing the head had no ef-we cannot generalize by presenting multiple feet on gaze but immediately stopped the examples. compensatory movement. When the head Turning now to corrective saccadic gaze was suddenly released (vertical dashed line)
shifts we first point out that their unpredictand began accelerating rapidly, there was a able onset times and small, variable, ampliconcomitant deceleration of the saccadic eye tudes precluded the use of the braking techmovement. This is shown by the arrow on nique. However, their velocity profile may the E trace but is also indicated by a symmetgive some insight into the influence of the rical bell-shaped gaze velocity profile similar VOR slow phase signal. In Fig. 14, B and C to that of the unperturbed first and third gaze the corrective gaze saccades occurred followshifts in the series. By contrast the velocity ing brake release, in the high-speed portion profile of the second saccadic eye movement of the head movement. The very low velocity is asymmetrical compared with the first and "saccadic" eye movements shown by the third movements: the dotted profile indicatarrows in these examples were common in
14. Examples of eye-head gaze shifts in which linear summation seems valid for secondary saccades. (Subject RN, UT task) A: 80" gaze shift made using 3 equal amplitude gaze shifts. Head motion was perturbed by a 60-ms brake whose offset is shown by the vertical dashed line. The head decelerates during the compensatory ocular rotation that followed the first saccade, and the eye responds with an equal and opposite motion such that gaze is unaffected.
The head accelerates during the second saccade and the eye decelerates (see arrow on E trace). This can also be seen from the E trace where the dotted line represents an unperturbed profile. B and C small corrective gaze shifts associated with high head velocities can be obtained when head motion is perturbed. Note the correspondingly very slow eye movements (arrows). Onset of rapid head deceleration denoted by vertical dashed line. Note from velocity trace in B the possibility of linear summation during the main saccade. Symbols as in Fig. 2 . Horizontal dash-dot lines on velocity traces indicate zero velocity. Horizontal dark bar beneath I? trace indicates period during which brake was on. all our subjects, even those who showed no linear summation in large gaze shifts. This is very suggestive of, but does not prove, linear summation for small gaze errors (see DIS-CUSSION).
Dependence on task and intersubject variability
In the preceding section we have suggested that the fast-acting influence of the head velocity signal on the saccade depends on gaze error and that there is considerable intersubject variability. We wondered whether these variations were only subject dependent or whether they also depended on the nature of the orienting task per se. Accordingly we perturbed head motion and obtained Em,, versus CHV plots in the following experimental conditions: 1) to and fro self-paced gaze shifts between two continuously lit targets placed 60° apart, t30" from center, on the horizontal plane, 2) in both the UT and PA tasks, gaze shifts that returned the visual axis to center in preparation for the next target presentation.
These return movements were self-triggered, not requiring a LED trigger, speed, or accuracy.
Varying the task influenced most obviously the time differences (At) between onset of eye and head movements. In Table  2 , At is listed in the column labeled "latency" for different subjects and tasks. Positive At implies that eye leads head. In movements toward the target in the UT task the eye consistently preceded the head with a mean time for all subjects of 42 ms (SD = 30, lumping subject RN's two UT tests). In the movements to the target in the PA task At was more variable, but on the average the eye also preceded the head by 17 ms (SD = 25, lumping subject DG's two PA tests). By comparison At was more variable in the movements that returned gaze to central position: on the average At = 6 ms (SD = 38) and the eyes and head began moving simultaneously. Self-paced movements were tested in only subject RN and, as expected from other published reports, the eye lagged the head, in our test by 65 ms (SD = 37). Table 2 also lists, for each subject, the task, measuring technique, and linear regression equation in the E,, versus CHV plot. The subjects, with the exception of subject RN, appeared consistent in their responses within the limits of the experimental program. Subject RD, whose data were shown in Fig. 13 , had a slope of nearly -1.0 in both the "toward" and "return" movements. The concurrence of this result with the observation that the eye accelerated in response to head deceleration, suggests a valid addition hypothesis for this subject. By comparison, subjects DG, DM, and DT never showed, in the tested tasks, VOR-saccade interaction as judged both by the near-zero slope of the I&,, versus CHV regression line and the lack of an eye response to head perturbation. This was so in spite of considerable variations in At between tasks in any one subject.
Within the context of the linear summation hypothesis subject RN yielded variable results that were task, not gaze error or At dependent. In the UT task, repeated twice on different days and with both the search coil and EOG techniques, the slope of I&,, versus CHV was close to -1 .O, and head decelerations and accelerations revealed synchronous eye velocity changes compatible with the addition hypothesis. In the PA task by comparison, in this subject, both head perturbation and the near-zero value for slope suggested that a head velocity signal was not modulating saccades. The larger gaze shift amplitudes and associated gaze errors tested in the PA task cannot explain the response difference. Indeed 60 and 80° shifts were tested in both the UT and PA tasks, and these yielded data supporting linear addition in the former but not the latter. In the self-paced movements the slope was about -0.50, suggesting either partial or intermittent interaction. Braking evidence supported the latter interpretation since some, but not all, of the perturbed movements showed brake-dependent changes in eye velocity. To summarize we conclude that the presence or absence of linear summation is primarily subject dependent but that it can also depend on the task. Gaze error also plays a role in regulating or gating, the influence of the head velocity signal on the saccade.
Influence of secondary saccades triggered by postbrake head movement
In this section we emphasize some difficulties in interpreting the effects on the eye movement when the head perturbation causes head acceleration. This is illustrated Before UT, unpredictable target task in which subject knew neither target amplitude nor onset time; PA, predictable amplitude task in which subject knew target amplitude but not onset time; coil, search-coil technique used to measure eye movement; EOG; electrooculography technique used to measure eye movements; to target, analysis of movements starting from center and directed to target; return to center, analysis of movements starting from the target and directed to the center. These were self-generated and not necessarily triggered by reappearance of central LED. If the same movement direction appears twice for the same task this means a repeat of the experiment on a different day. Positive latency means eye preceded head. E,,, maximum saccadic eye velocity; CHV, concurrent head velocity; n, no. of trials; r, correlation coefficient.
The figure in which the data are plotted is identified under the regression equation.
S, significant at 0.0005 level; NS, not significant at 0.05 level. Before, head brake applied before saccade started; during, brake applied during saccade; interaction, all brake trials yielded change in eye velocity that compensated for the change in head velocity; no interact, head perturbation does not affect eye velocity.
by Fig. 15 , which shows data for return movements of subject RNin the UT task (see Table 2 ). The linear regression line through the 3 1 data points (Fig. 15B ) has a slope of -1.06, which suggests that the saccadic eye velocity has been slowed by an amount nearly equal to head velocity. A corollary to this is that gaze velocity is constant. This was found and, though not shown formally in Fig. 15 , is implied by the example of Fig.  15A , which shows three superimposed but identical gaze shifts. Head movement 1 was slower than 3, and correspondingly eye movement 1 was faster than 3. The points in Fig. 15B corresponding to these examples are identified by the same numbers. Figure 15C shows the influence of a head acceleration on the eye. (The brake was early enough to prevent initial head motion.) In principle this is analogous to CHV increasing in the unperturbed movements, and as a result of the data in Fig. 15B , we would predict a decrease in Em,, subsequent to the increase in II. In Fig. 15C the time at which II increases is shown by the vertical dashed line. The time of brake application is shown by the horizontal dark bar above the H trace. Note that following head release, G increases with I$ and that E remains essentially constant. This result is incompatible with the addition hypothesis and the results of Fig. 13, A and B.
The contradictory conclusions that result from Fig. 15 might simply be a result of biological "noise," whereby, as suggested above, the period where S = 0 is quite variable in duration. However, there may be a more significant cause, linked to our previous studies of cat ( 19) . We now suggest that, in Fig. 15C , the shape of the trajectory of the eye to the right of the vertical dashed line may be influenced by the generation of a new rapid eye movement induced by the suddenly accelerating head movement.
Although this remains purely speculative for the example of Fig. 15C per se, in Fig. 16 we present additional evidence selected to show how principle and secondary saccades may coalesce. These examples were selected from three subjects: RD (Fig. 16, A and B) , DG (Fig.  16C), and RN (Fig. 160) .
On the far left (Fig. 16A ) a secondary saccade appears to the right of the dashed line. In Fig. 16B the secondary movement passive head rotations were generated to resemble head trajectories in active gaze shifts. The rapid eye movement is preceded by a compensatory ocular rotation that stabilizes gaze. The example in A was the first passive movement generated in this subject, that in B the fourth. The speed of the quick phases frequently deteriorated with repetition. C-E: example where head motion was braked during quick phase. Note lack of eye response to the rapid head decelerations and accelerations, particularly in example E where the eye remained essentially immobile near center during the perturbation. Symbols as in Fig. 2. closer to the terminal position of the saccade, and in Fig. 16 , C and D it is triggered progressively more within the saccade's main trajectory. Figures 160 and 15C were taken from the same subject in the same experimental session. Comparing them gives credibility to the suggestion that the eye trajectory in the latter figure could result from a secondary saccade that has totally blended into the main visual triggered saccade, thereby yielding the erroneous conclusion that head acceleration following sudden brake release has had no effect on the main saccade.
Eflects of braking the head during passive head movements It is well known that when the head is passively displaced there ensues, after a short latency, a vestibularly induced rapid eye movement or quick phase in the direction of head rotation (2, 26) . eye movement that resulted in an approximately flat gaze trace until the quick phase was triggered. At this point the gaze accelerated quickly and in one saccadelike movement reached its final position. The overall gaze displacement was about equal to the head displacement. Habituation seemed to occur in these movements: the quick phase on the fourth trial was considerably slower than on the first, and thereafter there was frequent waxing and waning in the crispness of the ocular response. Figure 17, C-E shows that when the head was braked suddenly during the gaze saccade the eye did not respond in any way. This was the case even for very slow quick phases (Fig.  170) . In one unusual ocular response to the passive displacement, the eye hardly moved at all in the orbit (Fig. 17E) , and the important brake-induced head acceleration was not mirrored by any concurrent changes in the eye trajectory. Although arguments used in the previous section could be used here to cast doubt on the interpretation of ocular responses to head acceleration, we believe the consistent lack of response of the eye of this subject to either head deceleration or acceleration implies that the linear summation hypothesis was invalid for these quick phases.
Similar results were obtained in subject DG, but note that these also were associated with large rapid head displacements, and it may well be that linear summation was valid in these subjects during small passively induced gaze shifts. We did not have the possibility of studying passive head rotations in subjects RD and RN. DISCUSSION 
Limits to saccade amplitude
By unexpectedly preventing head motion we demonstrated that the nervous system limited saccade amplitude to -45 O whenever a subject oriented to a target situated further than -45' in the peripheral visual field. The limits of human ocular motility were estimated to be about &53" on average, and therefore the limit to eye motion is neurally, not mechanically, determined. Evidence suggests that this limit on saccade amplitude is not an artifact as a result of the braking process itself. For example, the maximum velocity-amplitude relationship of saccades recorded when the head was suddenly and unexpectedly immobilized was identical to that when the head was continuously fixed, thereby suggesting that the saccade program was not modified by proprioceptive feedback associated with suddenly preventing head motion. (This interpretation is nevertheless subject to the problem that the peak velocity of saccades saturates for amplitude greater than -20° .) Furthermore neck muscle and other neck proprioceptors have no effect on saccade characteristics in monkey (see comments in next section).
The possibility that saccades smaller than the OMR might be encoded when subjects make gaze shifts to targets beyond the OMR has been invoked in other instances before. 1) Large (say 70") gaze shifts evoked by stimulating the superior colliculus of the cat are associated with saccades that terminate at 15" off center in the orbit, well short of the cat's OMR, which is about t25" (18) . 2) Unexpectedly braking head motion, when a cat is about to make a large gaze shift, results in a saccade that also ends at -15" off center (19) . 3) When humans make 200° gaze shifts with the eye starting at different eccentric positions in the orbit, the eye's motion terminates at between 35 and 45" from center in the orbit (23).
The experiments showing a limitation of -45O to saccade amplitude, and yet single-step gaze shifts greater than this value are suggestive that the hypotheses underlying the oculocentric motor organization are incorrect. Further evidence for this is 1) that gaze accuracy is excellent even when head motion is perturbed unexpectedly; and 2) that the linear summation hypothesis is too labile to be relied on for gaze accuracy.
Gaze accuracy
In relation to the development of a model of gaze control it is important to reemphasize the remarkable accuracy of large gaze shifts independent of whether the movement was made in the light or dark or the head motion was perturbed. Excellent gaze accuracy has also been reported previously in relation to human and cat subjects (15, 17, 19, 23) . The idea (35) that very large gaze shifts are controlled by a more primitive and less accurate "reorienting" system is not borne out by data. Interestingly the mean error at the end of the first single step gaze saccade made in the dark to a remembered location and also in the light were generally considerably less than the 10% value usually given for the accuracy of saccades made head fixed (3).
VOR-saccade interaction: the linear summation hypothesis
In the present experiments, we tested for VOR-saccade interaction by braking the head primarily during the first eye saccade that accompanied a head movement. In using this experimental approach it is assumed that any influence on the saccade of perturbing the head motion is because of sensory feedback from the semicircular canals and not, for example, from neck muscle proprioceptors. There is no evidence to date suggesting extravestibular effects. Neck or other proprioceptors have no effect on the saccade characteristics in monkeys (12), and in humans the cervicoocular reflex is thought to have negligible gain (25, 39). Furthermore, our results have shown that the characteristics of saccades are similar when the head is unexpectedly prevented from moving and when the head is continuously fixed in space.
Laurutis and Robinson (23) have recently reported no interaction between saccades and the VOR for active gaze shifts made by human subjects to targets at offset T > 40°. Their conclusion was based on the observation that 1) perturbations to the head in two subjects during saccades modified the trajectory of the gaze shift but not that of the eye; and 2) in four subjects gaze velocity increased and duration decreased with increasing head velocity.
In four subjects (3 with both search coil and EOG techniques, 1 with EOG only) we briefly halted head motion during a saccade. In two subjects (DG, DIM) our results are in total agreement with Laurutis and Robinson (23). Linear summation was absent in all test conditions for gaze shifts > 30'. Head perturbations caused no concomitant changes in the eye's trajectory designed to oppose the changes in the head's motion. This was so even if the perturbation occurred during the plateau phase where the eye was immobile in the orbit but not at the limits of the OMR. Note however that we have also shown that eye amplitude (E,) was dependent on head velocity, (e.g., Fig. 7 ) the saccade being truncated and/or the VOR turned on when the visual axis was near or on target (gaze error = 0). Mechanisms that could lead to these observations are discussed in a subsequent section.
Our results differ from those of Laurutis and Robinson (23) in that linear summation existed in two other subjects (RD, RN). In subject RN the results were more ambiguous. Part of this ambiguity might have arisen from the fact that we most often tested this subject's eye response to only head accelerations and putative quick phases triggered by head acceleration might be superimposed on the saccade as a result of signals of vestibular and visual origin accessing, at different times and with different strengths, the rapid-eyemovement (pulse) generator (19, and see next section). Such effects could occasionally mask the effects of the slow phase on the saccade.
In summary with respect to linear summation our results do not support the strong conclusions of Laurutis and Robinson (23) that linear summation is absent for human gaze shifts > 40°. Rather, our results favor a more temperate view suggesting considerable variability in the interaction between the VOR and saccade signals. Furthermore, our experiments suggest it is gaze error itself that influences VOR-saccade interaction (see below) but we could not identify the factors responsible for the intersubject and intertask variability.
It is important to reemphasize that the presence or absence of linear summations does not, per se, affect the conclusion regarding the existence of a gaze feedback control system (23): linear summation simply reduces gaze velocity and increases gaze duration compared with what it would be if, for the same head movement, saccade velocity were independent of head velocity. Perhaps this interactive process is dependent on the subject's intent or "set" relative to the velocity of his intended gaze shift.
The neurophysiological mechanisms that permit a head velocity signal to affect a saccade signal are unclear. The failure of linear summation is compatible with evidence that vestibular neurons, transmitting the semicircular canal signal to ocular motoneurons, pause during saccades (1, 14, 20, 22, 32) . In this schema the saccade signal is provided by "burst" neurons in the reticular formation (13, 34) However, other evidence supporting linear summation suggests that the frequency of some burst neurons may be modulated by a head velocity signal (44). To complicate matters the discharge rate of motoneurons during saccades may also be influenced by cells in the vestibular nuclei, some of which burst during all saccades, whereas others burst and pause for ipsilateral and contralateral saccades, respectively ( 14, 32, 42) . Thus the burst signal responsible for driving a rapid eye movement may result from the complex interplay between signals from different sources impinging on ipsilatera1 and contralateral motoneurons, and at this stage in our knowledge it is impossible to clearly link the behavioral observation to the physiology.
Secondary saccades triggered by postbrake head movements
In the head-braked trials, when the head was released after braking, there usually ensued a secondary eye saccade that helped drive gaze rapidly to the target (e.g., Fig. 3 , B and C). One explanation for these secondary saccades is that head release induced a compensatory VOR phase that drove the eye away from the position saturation (e.g., Fig.  16A ) and that the gaze control system drove another saccade back toward saturation. However, secondary saccades frequently began immediately after, often coalescing with, a principal saccade without being preceded by a compensatory phase (e.g., Fig. 16C ).
An important feature of these secondary saccades is that they depended on head motion; whenever the brake maintained the head immobile for a long time, the principal saccade reached its terminal position and no secondary saccades occurred for at least 200 ms. Head displacements following brake release can be considered passive movements in that they occur suddenly, unexpectedly, independent of will, and use as motive force neck muscle tension built up during the brake period. Because vestibularly induced quick phases normally follow, after a short latency, passive head displacements, we speculate here as we did for cat (19, 37) , that secondary saccades are in fact quick phases which, in the gaze feedback model (see next section), help drive gaze to the required goal. Note that recent results in human subjects also suggest vestibular quick phases are implicated in reducing gaze error during passive head rotations (38).
Conceptual model of gaze control in humans
The object of this section is to bring together in one unified framework the observations presented in this paper. The main observations have been 1) single-step gaze shifts can be performed, even to targets whose offsets are much larger than the OMR; 2) gaze is very accurate even to remembered targets and/or when head motion is perturbed; 3) in large gaze shifts the eye is driven to neural rather than mechanical limits; 4) saccade amplitude is dependent on how quickly gaze error is nulled; 5) the sensitivity (S) of the saccade to the head velocity signal can vary between zero and unity; 6) in the case where S is low, it increases to unity as gaze error approaches zero; 7) vestibular quick phases are not triggered during visually triggered saccades but may be triggered toward the end of saccades particularly when the head is released after braking; i.e., the saccade pulse generator ( 13) becomes liable to vestibular influence.
A possible schema, using gaze feedback, of how the eye and head motor systems may be assembled to yield gaze control is provided in Fig. 18 . This diagram is a picture summary of how a number of complex processes are linked; it is not, in its present form, a model ready for computer simulation.
The ideas AND M. VOLLE Proposed system is based on a gaze feedback hypothesis, which calculates gaze error (T/E) by subtracting current eye position relative to space (E/S) from target position relative to space (T/S). T/E is then converted to target position relative to head (T/H), which drives the head motor system and also determines an eye position relative to head (Ed/H) which is no greater than the level set by the saturation value "a". Ed/H drives the saccadic oculomotor system in the same manner as Robinson's local feedback model combined with a schematic version of Chun and Robinson's quick phase generator. Head velocity (H) obtained from the semicircular canals (SCC) is attenuated by a gain element such that H' = S X H. S is subject dependent and also depends on T/E. H' interacts with the saccade generator PG as in the linear summation hypothesis.
Note that the symbol S2, below SCC, is the Laplacian operator specifying double differentiation, which transforms head position to head acceleration.
presented in this figure are elaborations on a previously presented model (19) . The principle of gaze feedback has been enunciated verbally (15, 3 1, 35) or schematically (23, 30, 37) by others.
On the left of Fig. 18 , desired gaze position Gb (corresponding to target position in space T/S) is compared with current gaze (corresponding to the position of the visual axis in space, G = E/H + H/S) to yield gaze position error or an internal representation of target position relative to the eye (T/E).
A key question is how head position relative to space (H/S) is monitored. A convenient and obvious mechanism is by an integration of the velocity signal given by the semicircular canals (23). This presents an important problem since the VOR in humans becomes nonlinear at 35O"/s and saturates at -5OO"/s (33). Head velocity frequently exceeded the points of nonlinearity and saturation particularly in the headbraked trial when the head was suddenly released (e.g., in Figs. 3C and 6B, the postbrake head velocity was maximally -5OO"/s and 6OO"/s, respectively). Perhaps in these conditions head position is derived from both canal and neck proprioceptive information. In Fig. 18 we leave open the question of how H/S is obtained.
In the model, the quantity T/E is assumed to be converted first to target position relative to the head (T/H) and then passed through a position saturation element where, based on the head-braking experiments, the quantity a equals 45 O, approximately. The output of this element yields desired eye position relative to the head (Ed/H). This quantity is then compared with current eye position relative to the head (E/H) in the manner of the classic oculomotor "local feedback" model (13, 34). The pulse genera-tor (PG) is driven until e = Ed/H -E/H = 0. As in the local feedback model the switch is closed by a trigger signal (TRIG) and is held shut by the output of PG until e = 0. From the output of PG there is subtracted a diminished head velocity signal (I?) whose value is dependent on current gaze error @I' = S X H). We will come back to this point below. The vestibular eye goal extractor is also driven by HI, and its output can both trigger the OR gate and set a value for Ed/H as in the Chun and Robinson (8) model for quick phase generation. The limit value on Ed/H is assumed to be similar for both vestibular quick phases and saccades, as has been found for cat by comparing the data from Refs. 8 and 19. Furthermore, the value of Ed/H as set by the vestibular eye goal extractor is assumed to be dependent on gaze error (T/E). For example, when the eye is on target and T/E = 0, there is no need for quick phases when the head moves.
A typical flow of signals through this schema, in a subject where linear summation is absent during most of the saccade, is as follows. With the eyes and head at center (E/H = H/S = 0) the presence of a visual target at 85' from the fovea (T/S = T/E = 85 ") yields an equivalent T/H = 85 O signal that is then reduced by the saturation element to Ed/H = 45", specifying that the eye should rotate 45". As in the local feedback model (13, 34) a simultaneous trigger closes the switch and the pulse generator begins driving the saccade with the object of nulling e. Note also that e = 0 when T/E = 0. Concurrently the head motor system, driven by T/H, begins turning the head, almost a velocity step, toward the target. Initially, T/E is large and H' is zero so that the output of PG is not reduced by head velocity. Ultimately as T/E approaches zero, H' approaches H and the signal tending to drive the eye in the compensatory direction achieves unity gain. This arrangement explains how the visual axis can be moving toward the target even though the eye is moving in the opposite compensatory direction (e.g., Figs. 20, 6B, and 8B). This can happen in two conditions: 1) the saccade is terminated and T/E > 0, resulting in a pure slow-phase signal with a gain less than unity; or 2) the saccade is not terminated, but H' has a larger magnitude than the saccade signal.
Our experimental results have also suggested that quick phases can participate in the gaze shift but that they never appear during the early portion of the visually triggered saccade. In our scheme this is explained by the fact that the visual information itself sets Ed/H, and the quick phase generator signal has no additional effect on the output of the saturation element. However, in those cases where the head is braked, the eye, after brake release, may be moved in the compensatory direction (e.g., Fig. 3B ). The quick phase generator could trigger a rapid eye movement toward Ed, but quick phase velocities may, in this condition, be reduced by H'. We also hypothesized that quick phases can coalesce with the primary saccade without being preceded by a compensatory phase. In the schema this could occur if the vestibular eye goal extractor driven by H' sets a value of Ed/H slightly greater, via a noisy "a" (8) , than that set by visual inputs.
It is also of interest to consider the plateau trajectories shown in Fig. 7B . These were seen when H was low. In our schema this condition is created when the eye reaches 45" (e = 0 = Ed -E) and simply holds there, since H' = 0, until T/E is small enough for H' to drive a compensatory movement whose gain gradually rises to unity.
To explain the results in those subjects where the linear summation hypothesis applies, it is parsimonious to assume that the solid curve in the vestibular gain element (S vs. T/E) is simply shifted to the right, say to the dotted position where H' is only low when T/E is very high. Note that for gaze shifts to targets beyond the OMR the presence of linear summation on an eye saccade does not imply that gaze duration will be independent of head velocity as the oculocentric hypotheses suggests. Indeed, for slow head velocities, the eye could reach the position saturation near which it will seek equilibrium between the VOR driving toward center and the error signal driving toward saturation.
In summary, the schematic model utilizes a gaze feedback control system as proposed in previous studies (19, 23, 30, 37) . Novel features are 1) a saturation element to limit eye position in the orbit, 2) an element that modulates the influence of the slow phase signal on the saccade signal on the basis of ongoing gaze error, and 3) a quick phase generator, which makes possible the contribu-tion of vestibular quick phases, normally thought of as simply "resetting" rapid eye movements, to an orienting gaze shift. Basically our schema proposes a unified view of how visually triggered saccades, vestibularly induced quick phases and slow phases might be all commandeered to achieve a desired gaze position.
Origin of gaze error signal An important required signal in the schema of Fig. 18 is gaze error. Recent evidence in our laboratory shows that output neurons of the cat superior colliculus, the tectoreticulospinal system, carry this signal (28, 29). These cells have phasic and tonic discharges in the cat with an unrestrained head that are related to the vector error between the target and the position of the animal's visual axis.
